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ABSTRACT

Excessive energy intake may evoke complex biochem-
ical processes characterized by inflammation, oxidative 
stress, and impairment of mitochondrial function that 
represent the main factors underlying noncommuni-
cable diseases. Because cow milk is widely used for 
human nutrition and in food industry processing, the 
nutritional quality of milk is of special interest with 
respect to human health. In our study, we analyzed 
milk produced by dairy cows fed a diet characterized 
by a high forage: concentrate ratio (high forage milk, 
HFM). In view of the low n -6: n -3 ratio and high con-
tent of conjugated linoleic acid of HFM, we studied the 
effects of this milk on lipid metabolism, inflammation, 
mitochondrial function, and oxidative stress in a rat 
model. To this end, we supplemented for 4 wk the diet 
of male Wistar rats with HFM and with an isocalo-
ric amount (82 kJ, 22 mL/d) of milk obtained from 
cows fed a diet with low forage: concentrate ratio, and 
analyzed the metabolic parameters of the animals. Our 
results indicate that HFM may positively affect lipid 
metabolism, leptin: adiponectin ratio, inflammation, 
mitochondrial function, and oxidative stress, providing 
the first evidence of the beneficial effects of HFM on 
rat metabolism.
Key words: n -6: n -3 ratio, inflammatory status, redox 
status, mitochondrial function

INTRODUCTION

Recently, awareness of the importance of diet to 
human health has increased. Excessive energy intake, 

and particularly the excess or inadequate processing 
of fat in the body, may lead to activation of complex 
biochemical processes such as inflammation, oxida-
tive stress, and impairment of mitochondrial function 
(Hernández-Aguilera et al., 2013). These processes 
are the main factors that underlie aging and noncom-
municable diseases, the main types of which are car-
diovascular and chronic respiratory diseases, cancers, 
and diabetes. Indeed, an unhealthy diet often leads to 
obesity and metabolic disturbances, which have become 
a serious public health issue worldwide. In this regard, 
it bears emphasizing that understanding the cellular 
and molecular mechanisms underlying these metabolic 
diseases is a crucial step in their prevention and treat-
ment.

Mitochondria, the primary cellular energy-generating 
system, are known to synthesize key molecules during 
inflammation and oxidation and thereby serve as the 
main source of free radicals. Therefore, it is no surprise 
that mitochondrial dysfunctions are associated with 
inflammation and other energy-dependent disturbances 
where cellular oxidative damage is caused by the gen-
eration of reactive oxygen species (ROS) exceeding 
the natural antioxidant activity (Chan, 2006). A grow-
ing body of evidence has suggested that a low-grade, 
chronic inflammatory state may be linked to obesity 
and its comorbidities, as well as to noncommunicable 
diseases (Hernández-Aguilera et al., 2013). It is impor-
tant to underline that the metabolic changes induced 
by inflammation include alterations in mitochondrial 
function. Therefore, mitochondrial dysfunction can be 
both the cause and consequence of inflammatory pro-
cesses and elicit metabolic adaptations that might be 
either protective or become progressively detrimental 
(Currais, 2015).

Various nutritional components are known to modu-
late the inflammatory state, mitochondrial function, 
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and ROS production, thus influencing metabolic ho-
meostasis. To prevent or limit metabolic disorders, 
special attention should be paid to the choice of appro-
priate nutritional strategies. The fatty acid profile—in 
particular, the content of the essential fatty acids n-3 
and n-6—is considered an important parameter to 
determine the nutritional value of food (Daley et al., 
2010). These 2 classes of essential fatty acids, not inter-
convertible, are metabolically and functionally distinct 
and often have different physiological functions (i.e., 
pro- and anti-inflammatory activity for n-6 and n-3, 
respectively). In particular, a low n -6: n -3 ratio, ranging 
from 2 to 4, is considered optimal for human health 
(Simopoulos, 2002). Recent studies have shown that 
diet is the decisive factor determining the fatty acid 
profile of cow milk (Sterk et al., 2011); for instance, a 
high forage: concentrate ratio (F:C) results in a milk 
with low n -6: n -3 ratio.

The conjugated linoleic acids are a group of healthy 
fatty acids. They are positional and geometric isomers 
derived from octadecadienoic acid, whose content is 
high in milk fat, and the CLA have been suggested 
to have immunomodulating, anticarcinogenic, and anti-
atherosclerosis properties (Dilzer and Park, 2012). The 
major isomer of CLA, cis-9,trans-11 (rumenic acid), 
represents up to 80% of total CLA in food. Ruminant 
CLA comes from 2 sources: (1) rumen biohydrogena-
tion and (2) endogenous synthesis in the mammary 
gland and adipose tissue by the activity of stearoyl-
CoA desaturase on trans-11 18:1, the biohydrogenation 
intermediate of several 18-carbon UFA (Shingfield et 
al., 2010). The CLA level in the milk from different ru-
minant species is significantly increased when animals 
are fed with fresh forage (Jahreis et al., 1997; Kelly et 
al., 1998; Griinari and Bauman, 1999; Tudisco et al., 
2010, 2012, 2014).

Based on this data, some Italian breeders are feeding 
dairy cows with a high F:C (70:30), which is different 
from that used in intensive farms (which range from 
55:45 to 35:65). By feeding animals a diet with high 
F:C, milk with a low n -6: n -3 ratio and high CLA level 
was obtained to satisfy consumer demand for healthy 
foods (Rubino, 2014).

Several studies have indicated that administration of 
CLA and n-3 fatty acids to rats improves fatty acid 
oxidation and decreases inflammation and oxidative 
stress through the modulation of mitochondrial func-
tion (Lionetti et al., 2014; Mollica et al., 2014; Cava-
liere et al., 2016). We hypothesized that milk from 
cows fed a high-forage diet (hereafter, high forage milk, 
HFM), by modulating mitochondrial function, would 
ameliorate the inflammatory state and oxidative stress 
in consumers. To test this hypothesis, we evaluated, in 
a rat model, the effects of HFM administration on en-

ergy balance, lipid metabolism, and anti-inflammatory 
and antioxidant defenses, compared with those rats 
fed isoenergetic amounts of milk obtained from cows 
fed with a diet with a low F:C ratio (low forage milk, 
LFM).

MATERIALS AND METHODS

Cow Feeding

Milk was obtained from a farm located in a hilly area 
of central Italy (Segni, Rome, Italy; 13°0′E, 41°41′N, 
668 m above sea level). The farm produced 2 types of 
commercial milk (LFM and HFM) from Italian Friesian 
cows (~40 animals for each type of milk) fed 2 dif-
ferent diets (lower or higher F:C ratio, respectively). 
Ingredients, F:C ratio, chemical composition, and nu-
tritive value of the 2 cow diets as well as feed intake are 
reported in Table 1.

Rat Handling and Feeding

Male Wistar rats (Charles River, Calco, Lecco, Italy) 
were individually caged in a temperature-controlled 
room and exposed to a daily 12-h light/12-h dark 
cycle with free access to chow and drinking water. 
Young animals (60 d old; about 350 g of BW) were 
used; one group (n = 7) was killed at the beginning 
of the study to establish baseline measurements. The 
remaining rats, fed with a standard diet, were divided 

Table 1. Diets fed to cows1

Item LFM HFM

Diet ingredients (kg as fed)
 Corn silage 20.0 —
 Mixed hay2 — 7.0
 Alfalfa hay 5.0 8.5
 Wheat bran 1.6 1.0
 Corn meal 3.5 3.0
 Triticale 1.5 1.0
 Fava bean — 2.0
 Sunflower panel 1.6 —
 Soybean meal 1.8 —
 Forage:concentrate ratio, DM basis 55:45 70:30
 Intake (kg of DM) 18.9 19.3
Chemical composition (g/kg of DM)   
 CP 150.0 130.0
 Crude fat 29.1 18.8
 NDF 386.0 491.0
 ADF 266.0 403.0
 ADL 79.2 103.0
 Starch 138.0 96.4
 Ash 63.6 78.9
 NEL (MJ/kg) 6.3 5.7
1LFM and HFM = diets fed to cows to produce low and high forage 
milk that was later fed to rats in an animal model.
2Vicia sativa, Avena sativa, Lolium multiflorum, Trifolium alexandri-
num, and Trifolium squarrosum.
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into 3 experimental groups (n = 7 each): 2 groups were 
supplemented with equicaloric intakes (82 kJ) of LFM 
or HFM (22 mL/d) for 4 wk; the group that did not 
receive milk supplement was used as control (the en-
ergetic intake of diets is reported in Table 2). After 4 
wk, the animals were anesthetized by intraperitoneal 
injection of chloral hydrate (40 mg/100 g of BW), and 
blood was taken from the inferior cava. The liver was 
removed and subdivided; samples not immediately used 
for mitochondrial preparation were frozen and stored at 
−80°C. All experiments were conducted in compliance 
with Italian guidelines for the care and use of research 
animals.

Analysis of Milk Composition

Samples of milk (LFM and HFM) were analyzed 
for protein, fat, and lactose contents by the infrared 
method using a MilkoScan 133B (Fossomatic, Hillerød, 
Denmark). In addition, total fat of milk samples was 
separated using a mixture of hexane: isopropane (3:2, 
vol/vol; Tudisco et al., 2010). Transmethylation of fatty 
acids was conducted by a base-catalyzed procedure.

Fatty acid methyl esters were quantified using a GC 
(ThermoQuest 8000TOP gas chromatograph, equipped 
with flame-ionization detector; ThermoElectron Corp., 
Rodano, Milan, Italy) equipped with a CP-SIL 88 
fused-silica capillary column [100 m × 0.25 mm (in-
ternal diameter) with 0.2-μm film thickness; Varian, 
Walnut Creek, CA; Shingfield et al., 2003]. The GC 
conditions were set as follows: initial oven temperature 
maintained at 70°C for 4 min, increased at 13°C/min to 
175°C and maintained for 27 min, increased to 215°C 
at 3°C/min and maintained for 38 min, before reverting 
to 70°C at 10°C/min. Inlet and detector temperatures 
were 250 and 260°C, respectively. The split ratio was 
100:1, the helium carrier gas flow rate was 1 mL/min, 
the hydrogen flow to the detector was 30 mL/min, air-
flow was 350 mL/min, and the flow of helium make-up 
gas was 45 mL/min. Fatty acid peaks were identified 
using pure standards from Sigma-Aldrich (St. Louis, 
MO) except CLA cis-9,trans-11 methyl ester, CLA 
trans-10,cis-12 methyl ester, methyl cis-9,cis-11 octa-
decadienoate, and methyl trans-9,trans-11 octadecadi-
enoate, which were from Larodan Fine Chemicals AB 

(Malmo, Sweden). Fatty acids in samples were identi-
fied by comparing the retention times of peaks with 
that of the standard mixture.

Body Composition, Energy Balance,  
and Liver Lipid Content

During treatments, BW and food intake were moni-
tored daily to calculate weight gain and gross energy 
intake. Spilled food and feces were collected daily for 
precise calculation of food intake. Energy balance as-
sessments were conducted over 4 wk of treatment by 
comparative carcass evaluation (Iossa et al., 2002). 
Metabolizable energy intake was assessed by subtract-
ing the energy measured in feces and urine from gross 
energy intake, which was determined from the daily 
food consumption and gross energy density. The gross 
energy density for the standard diet (15.8 kJ/g), and 
LFM and HFM (2.70 kJ/g) as well as the energy den-
sity of the feces and the carcasses were determined by 
bomb calorimetry (adiabatic calorimeter, Parr Instru-
ment Co., Moline, IL). Evaluation of the energy, fat, 
and protein content in animal carcasses was conducted 
according to a published protocol (Iossa et al., 2002). 
Energy efficiency was calculated as the percentage 
of body energy retained per ME intake, and energy 
expenditure was determined as the difference between 
ME intake and energy gain. Total hepatic lipid content 
was estimated by using the Folch method (Folch et al., 
1957).

Oral Glucose Tolerance Test and Insulin  
Tolerance Test

For the oral glucose tolerance test, rats were fasted 
overnight and then orally dosed with glucose (3 g/kg of 
BW) dissolved in water. For the insulin tolerance test, 
rats were fasted for 5 h and then injected intraperito-
neally with insulin (rapid-acting homolog, 10 units/kg 
of BW in sterile saline; Novartis, Basel, Switzerland). 
Blood was collected before the oral glucose and insulin 
tolerance tests and at various times thereafter, and 
glucose and insulin levels were determined using a glu-
cose monitor (Brio, Ascensia, NY) calibrated for rats 
and ELISA (rat insulin; Mercodia, Uppsala, Sweden), 
respectively. Basal fasting values of serum glucose and 
insulin were used to calculate the homeostatic model 
assessment (HOMA) index as follows: [glucose (mg/
dL) × insulin (mU/L)]/405.

Mitochondrial Parameters

Mitochondrial isolation, oxygen consumption, and 
proton leakage measurements were performed as previ-

Table 2. Energy intake via chow and milk (kJ; % of total in 
parentheses) of rats fed with milk from cows consuming a low forage 
(LFM) or high forage (HFM) diet

Energy intake Control LFM-treated HFM-treated

Total energy 11,899 13,975 14,010
Chow 11,899 11,968 (85.64) 12,003 (85.67)
Milk  2,007 (14.36) 2,007 (14.33)
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ously reported (Mollica et al., 2014). Oxygen consump-
tion (polarographically measured using a Clark-type 
electrode) was measured in the presence of substrates 
and ADP (state 3) or with substrates alone (state 4), 
and their ratio (respiratory control ratio) was calcu-
lated. The rate of mitochondrial fatty acid oxidation 
was assessed in the presence of palmitoyl-l-carnitine. 
Mitochondrial proton leakage was assessed by a titra-
tion of the steady-state respiration rate as a function 
of the mitochondrial membrane potential in liver 
mitochondria. This titration curve is an indirect mea-
surement of proton leakage because the steady-state 
oxygen consumption rate (i.e., proton efflux rate) in 
nonphosphorylating mitochondria is equivalent to the 
proton influx rate due to proton leakage. Carnitine-
palmitoyl-transferase (CPT) system and aconitase 
and superoxide dismutase (SOD) specific activity were 
measured spectrophotometrically (Flohé and Otting, 
1984; Mollica et al., 2014). Rate of mitochondrial H2O2 
release was assayed by following the linear increase in 
fluorescence caused by the oxidation of homovanillic 
acid in the presence of horseradish peroxidase (Barja, 
1998).

Statistical Analyses

Data were presented as the means ± standard errors. 
Differences among groups were compared by ANOVA 
followed by the Newman-Keuls post hoc test. Differ-
ences were considered statistically significant at P < 
0.05. Analyses were performed using GraphPad Prism 
software (GraphPad Software, San Diego, CA).

RESULTS

Milk Composition

Milk protein, fat, and lactose were not significantly 
affected by cow dietary treatment (Table 3). Regarding 
the fatty acid profile of milk (Table 4), no difference 
was seen in SFA and MUFA content, whereas C18: 3n 
-3 (linolenic acid) was significantly higher in HFM than 
in LFM (1.117 vs. 0.23%; P < 0.05) as were total n-3 
fatty acids (1.212 vs. 0.317%; P < 0.05) and PUFA 
(3.615 vs. 2.554%; P < 0.05). In addition, the n -6: n 

-3 ratio was significantly lower in HFM than in LFM 
(1.98 vs. 6.96%; P < 0.05). In contrast, total CLA and 
cis-9,trans-11 CLA were significantly higher in HFM 
than in LFM (0.79 vs. 0.45% and 0.73 vs. 0.41%, re-
spectively; P < 0.05).

Body Composition and Energy Balance

As shown in Figure 1, we observed no differences in 
body composition or energy balance between the LFM 
and HFM groups. In detail, LFM- and HFM-treated rats 
exhibited a diminished body water percentage (Figure 
1A) and increased body lipids percentage (Figure 1B) 
and body energy (Figure 1C) compared with controls. 
No difference in body protein content was observed in 
the 3 groups of rats (Figure 1D). The LFM-treated ani-
mals had increased hepatic lipid content compared with 
the other 2 groups (Figure 1E). The 2 milk treatments 
provided similar ME intake, which was significantly 
higher than that of controls (Figure 1F). The LFM- 
and HFM-treated animals exhibited higher BW, body 
lipids, and body protein gains compared with control 
(Figure 1G-I), whereas no difference in energy expendi-
ture was observed in the 3 groups (Figure 1L). Finally, 
gross energy efficiency was significantly increased in 
LFM and HFM groups compared with controls (Figure 
1M).

Serum Metabolites and Inflammatory Parameters

Glucose, insulin, triglycerides, cholesterol, alanine 
aminotransferase, and IL-6 serum levels and HOMA 
index were not significantly different in the 3 groups of 
animals (data not shown), indicating that these param-
eters were not affected by LFM or HFM administra-
tion. Confirming the HOMA index results, we did not 
observe any variation in oral glucose tolerance test or 
insulin tolerance test (Figure 2G–I). Leptin significant-
ly increased in the LFM and HFM groups compared 
with control (Figure 2A), whereas adiponectin signifi-
cantly was decreased in LFM compared with the other 
2 groups, and the highest level was found in HFM rats 
(Figure 2B). Accordingly, the leptin: adiponectin ratio 
significantly increased in LFM compared with the other 
2 groups (Figure 2C). Interestingly, levels of tumor ne-
crosis factor-α (TNF-α) and IL-1 were significantly 
decreased in HFM-fed rats compared with controls and 
LFM-fed rats (Figure 2D, E), indicating a possible anti-
inflammatory role of HFM. This hypothesis was further 
supported by the fact that IL-10, an anti-inflammatory 
cytokine, was found to increase 2-fold in the LFM 
group and 2.5-fold in the HFM group compared with 
controls (Figure 2F).

Table 3. Chemical composition of milks from cows consuming a low 
forage (LFM) or high forage (HFM) diet

Item LFM HFM

Protein (%) 3.3 3.3
Fat (%) 3.5 3.7
Lactose (%) 4.8 4.7
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Mitochondrial Efficiency and Oxidative Stress

Mitochondrial state 3 and state 4 respiration, evalu-
ated using succinate and palmitoyl-carnitine as sub-
strates, respectively (to detect fatty acid oxidation), 
was increased in LFM- and HFM-fed rats compared 
with the control (Figure 3A, B). Activity of CPT was 
increased in HFM-fed animals compared with the other 

2 groups (Figure 3C). The high quality of mitochondri-
al preparations was tested by evaluation of respiratory 
control ratio values (data not shown). Mitochondrial 
basal and fatty acid–induced proton leakage was in-
creased in LFM- and HFM-treated rats compared with 
the controls (Figure 3D, E). Finally, the beneficial ef-
fects produced by the HFM supplement on liver redox 
status were clearly indicated by the marked decline in 
the H2O2 yield and the significantly increased aconitase 
and SOD activities (Figure 3F–H).

DISCUSSION

In this study, we analyzed the fatty acid profiles of 
LFM and HFM and surveyed how the differences in 
milk composition affected metabolic parameters of rats 
fed with the different milks. Milk from cows fed the 
higher F:C ratio (HFM) had a higher, albeit not sig-
nificant, fat percentage. Digestion of fiber in the rumen 
produces 2 lipogenic VFA—acetate and butyrate. Bu-
tyrate provides energy for the rumen wall, and much of 
it is converted to BHB in the rumen wall tissue. About 
half of the fat in milk is synthesized in the udder from 
acetate and BHB. The other half is transported from 
the pool of fatty acids circulating in the blood. These 
can originate from body fat mobilization, absorption 
from the diet, or from fats metabolized in the liver.

α-Linolenic acid (C18: 3n -3), total n-3, and CLA were 
higher in HFM than LFM, confirming previous find-
ings with milk from cows receiving a significant portion 
of daily DM from pasture and conserved forage-based 
feeds (Griinari and Bauman, 1999). Fresh forage con-
tains a high percentage of UFA, with α-linolenic acid 
(C18:3) being the predominant n-3 fatty acid (Bergamo 
et al., 2003). Griinari and Bauman (1999) noted that 
grazing pasture is a good way of increasing the level 
of milk PUFA. In our study, C18: 3n -3 was higher in 
HFM, probably because of the higher content of this 
acid in the cow diet (higher F:C ratio), as suggested 
by the results obtained in milk from cows (Kelly et al., 
1998) and dairy goats (Tsiplakou et al., 2010). Dietary 
treatment affects milk content of cis-9,trans-11 CLA 
and total CLA (ΣCLA), according to previous findings 
in goats and sheep (Tsiplakou et al., 2010). The higher 
concentration of milk CLA found in HFM could be 
due to the different type of diet, which may influence 
the rate of microbial fermentation in a way that alters 
the rate of CLA production or utilization by rumen 
microbes and, therefore, the concentration of CLA in 
milk fat (Kelly et al., 1998). Indeed, the higher levels 
of linoleic and α-linolenic acid—the main precursors 
of cis-9,trans-11 CLA—in the forage could explain the 
higher CLA content in HFM.

Table 4. Fatty acid profile (%; means ± SE) of milk from cows 
consuming a low forage (LFM) or high forage (HFM) diet

Fatty acid1 LFM HFM

C4:0 1.194 ± 0.28 2.121 ± 0.34
C6:0 1.313 ± 0.23 1.128 ± 0.18
C8:0 0.993 ± 0.20 0.912 ± 0.12
C10:0 2.522 ± 0.40 2.449 ± 0.46
C11:0 0.273 ± 0.07 0.278 ± 0.08
C12:0 3.067 ± 0.50 3.211 ± 0.50
C13:0 0.069 ± 0.001 0.078 ± 0.001
C14:0 11.006 ± 1.03 11.339 ± 1.10
C14:1 0.000 ± 0.00 0.299 ± 0.01
C15:0 0.517 ± 0.01 0.607 ± 0.01
C16:0 32.825 ± 2.27 32.987 ± 2.15
C16:1 1.717 ± 0.12 2.109 ± 0.10
C17:0 0.113 ± 0.02 0.149 ± 0.01
C18:0 12.049 ± 1.94 10.546 ± 1.88
C18:1n-9 cis 26.868 ± 2.90 26.433 ± 3.01
C18:1n-9 trans 0.274 ± 0.01 0.149 ± 0.01
C18:1 trans-10 0.109 ± 0.03 0.120 ± 0.09
C18:1 trans-11 0.901 ± 0.08 0.984 ± 0.05
C18:2n-6 cis 1.760 ± 0.11 1.910 ± 0.12
C18:2n-6 trans 0.240 ± 0.01 0.092 ± 0.02
C18:3n-6 0.178 ± 0.03 0.192 ± 0.03
C18:3n-3 0.230 ± 0.10b 1.117 ± 0.11a

C20:0 0.002 ± 0.01 0.024 ± 0.01
C20:1 0.097 ± 0.01 0.012 ± 0.01
C20:2n-6 0.000 ± 0.00 0.031 ± 0.01
C20:3n-3 0.012 ± 0.001 0.016 ± 0.001
C20:4n-6 0.015 ± 0.001 0.141 ± 0.001
C20:5n-3 0.048 ± 0.002 0.047 ± 0.001
C22:0 0.008 ± 0.001 0.022 ± 0.001
C22:5n-3 0.027 ± 0.002 0.032 ± 0.002
C22:6n-6 0.014 ± 0.001 0.037 ± 0.001
SFA 65.951 ± 6.23 65.813 ± 6.17
MUFA 28.68 ± 3.80 28.85 ± 3.77
PUFA 2.554 ± 0.02b 3.615 ± 0.03a

n-3 0.317 ± 0.01b 1.212 ± 0.09a

n-6 2.207 ± 0.08 2.403 ± 0.03
n-6:n-3 6.96 ± 1.00A 1.98 ± 0.03B

cis-9,trans-11 CLA 0.41 ± 0.01b 0.73 ± 0.01a

trans-10,cis-12 CLA 0.03 ± 0.001 0.04 ± 0.001
cis-9,cis-11 CLA 0.01 ± 0.001 0.02 ± 0.001
ΣCLA 0.45 ± 0.02b 0.79 ± 0.02a

a,bMeans with different superscript letters are significantly different 
(P < 0.05).
A,BMeans with different superscript letters are significantly different 
(P < 0.01). 
1SFA = C4:0 + C6:0 + C8:0 + C10:0 + C11:0 + C12:0 + C13:0 + 
C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0; MUFA 
= C14:1 + C16:1 + C18:1n-9 cis + C18:1n-9 trans + C20:1; PUFA 
= C18:2n-6 cis + C18:2n-6 trans + C18:3n-6 + C18:3n-3 + C20:2n-6 
+ C20:3n-3 + C20:4n-6 + C20:5n-3 + C22:5n-3 + C22:6n-6; n-3 = 
C18:3n-3 + C20:3n-3 + C20:5n-3 + C22:5n-3; n-6 = C18:2n-6 cis + 
C18:2n-6 trans + C18:3n-6 + C20:2n-6 + C20:4n-6 + C22:6n-6; CLA 
= cis-9,trans-11 CLA + trans-10,cis-12 CLA + cis-9,cis-11 CLA. 
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We hypothesized that the different compositions of 
LFM and HFM may affect metabolic parameters in 
the rats. One of our main findings was that the intake 
of HFM is able to reduce oxidative stress and serum 
pro-inflammatory cytokines and to increase oxidation 
of fatty acids in hepatic mitochondria, which eventually 
reduces fat liver.

Our experiments allowed a comparison of nutri-
tional, immunomodulatory, and antioxidant effects of 
isoenergetic supplementation with 2 types of cow milk, 
HFM and LFM. No difference between the HFM and 
LFM groups was observed in body composition, energy 
balance, triglycerides, cholesterol, or alanine amino-
transferase levels, or in parameters related to glucose 
homeostasis. Both groups showed an increase in ME 
intake and BW gain compared with control rats. The 
enhanced energy efficiency of LFM- and HFM-fed ani-
mals was associated with higher BW and lipid gain com-
pared with control rats. Consistent with increased body 
lipid level, LFM and HFM groups showed increased 
levels of leptin compared with controls, and LFM also 
resulted in a decreased adiponectin level. Surprisingly, 

the adiponectin level significantly increased in HFM-
fed rats. Leptin and adiponectin are hormones derived 
from fat cells that are secreted into the serum, but the 
leptin level increases with accumulation of fatty mass, 
whereas adiponectin level decreases (Oda et al., 2008). 
In some animal models, a decrease in adiponectin level 
occurred in parallel to decreased insulin sensitivity and 
preceding the onset of type 2 diabetes (Chakraborti, 
2015). Adiponectin secretion is inhibited by several fac-
tors, including high level of TNF-α and oxidative stress 
(Chakraborti, 2015). Therefore, our data, showing an 
increased adiponectin level in the HFM group associ-
ated with decreased levels of TNF-α and H2O2, may 
indicate a lower inflammatory state in these animals. 
It has been proposed that a useful index of metabolic 
diseases is the leptin: adiponectin ratio, which is bet-
ter correlated with insulin resistance than the level 
of leptin or adiponectin alone (Oda, et al. 2008). Our 
data indicate a significantly higher leptin: adiponectin 
ratio in LFM than in the control and HFM groups, 
although LFM animals did not show changes in insulin 
sensitivity. Further studies, using different amounts of 

Figure 1. Body composition and energy balance of rats fed with milk from cows consuming a low forage (LFM) or high forage (HFM) 
diet: (A) water, (B) body lipid, (C) body energy, (D) body protein, (E) hepatic lipid content, (F) energy intake, (G) BW gain, (H) lipid gain, 
(I) protein gain, (L) energy expenditure, and (M) energy efficiency (means ± SE; n = 7 animals/group). Different letters indicate statistically 
significant differences between treatment groups (P < 0.05).
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milk and administration times, will be required to fully 
investigate the possible variation of insulin sensitivity 
in LFM.

The diminished inflammatory state with HFM ad-
ministration was confirmed by lower levels of TNF-α 
and IL-1 and an increased level of IL-10 in HFM-fed 
animals compared with the other 2 groups. Both TNF-α 
and IL-1 are pro-inflammatory cytokines involved in 
the progression of metabolic diseases. Conversely, IL-10 
is a potent anti-inflammatory cytokine, which drives a 
negative feedback process during inflammation (Kwilasz 
et al., 2015). The major roles of TNF-α and other in-
flammatory cytokines in the progression of metabolic 
complications are likely to be related to oxidative stress 
(Rolo et al., 2012). Indeed, ROS and products of lipid 
peroxidation activate nuclear factor-κB, which induces 
the synthesis of TNF-α and increases the expression of 

several pro-inflammatory cytokines, leading to meta-
bolic diseases (Rolo et al., 2012; Hernández-Aguilera 
et al., 2013). The recognized link among inflammation, 
redox status, and mitochondrial function prompted us 
to evaluate the effect of dietary regimens on mitochon-
drial oxidative capacity and oxidative stress in liver 
mitochondria in view of the central role played by this 
organ in energy metabolism. The LFM- and HFM-fed 
rats exhibited higher hepatic mitochondrial respiratory 
capacity than did rats in the control group. However, 
compared with the LFM group, the HFM group exhib-
ited an increased rate of mitochondrial fatty acid oxida-
tion due to enhanced activity of CPT, the rate-limiting 
enzyme for fatty acid entry into the mitochondria. Thus, 
the consequent increase in lipid oxidation explains the 
decreased load of hepatic lipid content found in these 
rats. Interestingly, compared with the LFM group, in 

Figure 2. Serum metabolites, inflammatory parameters, and glucose and insulin tolerance test in rats fed with milk from cows consuming 
a low forage (LFM) or high forage (HFM) diet: (A) leptin (L), (B) adiponectin (A), (C) leptin:adiponectin (L/A) ratio, (D) tumor necrosis 
factor-α (TNF-α), (E) IL-1, (F) IL-10, (G) plasma glucose concentration, (H) plasma insulin concentration at different times after glucose load 
(oral glucose tolerance test), and (I) plasma glucose concentration at different times after insulin injection (insulin tolerance test). In panels 
G, H, and I, the upper inset shows the area under curve (AUC) for each group (mean ± SE; n = 7 animals/group). Different letters indicate 
statistically significant differences between treatment groups (P < 0.05). Color version available online.
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the HFM group we observed a reduction of oxidative 
stress, as indicated by a decrease in H2O2 production 
and an increase in activities of aconitase and SOD. A 
concomitant decline in mitochondrial energy efficiency 
(thermogenic effect), as evidenced by increased proton 
leakage, may also contribute to burn fat and reduce 
mitochondrial oxidative stress parameters. Indeed, an 
increase in proton leakage was reported as one of the 

major mechanisms involved in the modulation of mem-
brane potential to control mitochondrial ROS emission 
(Mailloux and Harper, 2011).

In conclusion, our data provide the first evidence 
that dietary supplementation with HFM in a rat ani-
mal model decreased liver lipid accumulation through 
an increase in fatty acid oxidation, and decreased in-
flammation and oxidative stress. The beneficial effects 

Figure 3. Mitochondrial parameters of rats fed with milk from cows consuming a low forage (LFM) or high forage (HFM) diet: (A and B) 
hepatic mitochondria respiration rates at states 3 and 4 in the presence of succinate (A) or palmitoyl-carnitine (B) substrates; (C) carnitine-
palmitoyl transferase (CPT) activity; (D) basal and (E) fatty acid-induced proton-leakage; (F) intracellular H2O2 yield, (G) basal aconitase/
total aconitase ratio, and (H) superoxide dismutase (SOD) activity (means ± SE from 7 animals/group). Different letters indicate statistically 
significant differences between treatment groups (P < 0.05). Color version available online.
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of HFM are similar to those resulting from n-3 PUFA 
and CLA intake (Lionetti et al., 2014; Mollica et al., 
2014; Cavaliere et al., 2016), allowing us to hypothesize 
that n-3 PUFA and CLA may be some of the key com-
ponents of HFM. Further studies will be addressed to 
verify the specific role of these components.
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